Abstract The current study was aimed at investigating the effect of HIV-1 protein Tat on the retinal neurosensory cell line R28. Exposure of Tat resulted in induction of proinflammatory mediators such as CXCL10 and TNF-α in addition to the activation marker GFAP in these cells. Conditioned media from Tat-treated R28 cells was able to induce monocyte migration, an effect that was blocked by CXCR3 antagonist. Complementary studies in the HIV-1 Tat-transgenic mice, showed a complete absence of the nuclear layer and the outer photoreceptor segments of the retina with a concomitant increase in glial activation. These findings lend support to the observation in post-HAART era of increased incidence of immune response-mediated retinal degeneration. These findings have direct relevance to diseases such as immune response uveitis and patients recovering from CMV retinitis.
Introduction
The ophthalmic manifestations of human immunodeficiency virus (HIV) infection are easy to overlook since these severe symptoms appear at the later stages of the acquired immunodeficiency syndrome (AIDS). Regardless of the reduction in the number of absolute cases in the most debilitating eye conditions such as cytomegalovirus (CMV) retinitis, highly active anti-retroviral therapy (HAART) has neither eliminated the appearance of new cases nor reduced the development of complications such as retinal detachment or immune recovery uveitis (IRU). IRU in its most severe form is often characterized by an increase in intraocular inflammatory reactions and by the presence of inflammatory responses including macular edema, epiretinal membranes, neovascularization of the retina or optic disk, posterior synechiae, and/or cataracts (Holland 2008) . Increased levels of pro-inflammatory cytokines have also been documented in tissues of patients who have recovered from CMV retinitis (Rios et al. 2005) .
Infection and consequent activation of immune system cells therefore remain the most common cause of ocular damage. The ocular microenvironment is both immunosuppressive and anti-inflammatory in nature. The retina is, however, the only ocular tissue truly derived from the cells of the neural plate sharing the same lineage as the central nervous system (CNS) (Deshpande et al. 2005; Sanyal and Zeilmaker 1977) and protected by the blood-retinal barrier. Exposure to HIV-1 antigens in the retina occurs only following the breach of the blood-retinal barrier. While the exact mechanisms by which HIV-1 causes these neuropathologies is not completely understood, increasing evidence leads to the speculation that neuronal damage results, in part, from inflammation-mediated through activated glia (Deshpande et al. 2005; MartinGarcia et al. 2006; Minagar et al. 2002) .
Chemokines in the brain have been recognized as essential elements in the progression of neurodegenerative diseases and related neuroinflammation through their regulation of inflammatory responses (Conant et al. 1998; Kelder et al. 1998; Luster et al. 1987 ) thereby contributing to injury and eventual loss of neurons (Asensio and Campbell 1999; Miller and Meucci 1999) . Increased levels of CXCL10 have been detected in the CSF and plasma of individuals with HIV-1 infection (Kolb et al. 1999) and in the brains of individuals with HIV-associated dementia (HAD) (Kolson and Pomerantz 1996; McArthur et al. 1993; Sanders et al. 1998) . The presence of pro-inflammatory chemokines such as CXCL10 in the CNS of HIV-1 infected individuals correlated positively with disease progression (Dhillon et al. 2008b; Durudas et al. 2009 ). There is also evidence that CXCL10 participates in the neuropathogenesis of simian HIV-infected macaques (Sasseville et al. 1996; Westmoreland et al. 1998 ) by contributing to the degeneration of neurons possibly through activation of a calcium dependent apoptotic pathway (Sui et al. 2004; Sui et al. 2006) . Additionally, the pro-inflammatory cytokines interferon gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α) are also markedly increased in CNS tissues during HIV-1 infection and have been implicated in the pathophysiology of HAD (Saha and Pahan 2003; Shapshak et al. 2004; Wesselingh et al. 1997) . Besides its induction by host factors, CXCL10 can also be induced by HIV-1 itself or by several HIV-1-associated proteins including gp120 and Tat (Asensio and Campbell 1999; Kutsch et al. 2000; van Marle et al. 2004 ).
In addition to chemokines, high levels of proinflammatory cytokines and viral proteins are also known to contribute to retinal degeneration (Madigan et al. 1996; Schrier et al. 2006) . Specifically, HIV-1 Tat, known to be released from infected cells in the CNS, has been shown to be neurotoxic both in cell culture (Woodman et al. 1999) and in animal models of the disease (Hudson et al. 2000) . Tat has been shown to transactivate HIV-1 gene expression through interactions with the transactivation responsive element TAR within the HIV-1 long terminal repeat promoter, human cyclin T1, and CDK9. Furthermore, it has been documented to exert pleiotropic effects on host cells (Kim et al. 2003) . In this study, a retinal cell line has been used to examine the effect of HIV-1 Tat on the release of inflammatory mediators that could contribute to disease pathology. The rat retinal precursor neurosensory cell line R28 expresses both neuronal as well as glial cell markers Seigel 1996; Seigel and Liu 1997; Seigel et al. 1996) . The R28 cells have been shown to be comprised of subpopulations of neuronal cells resembling properties of retinal cells. These cells have been used for studies on gene expression (Seigel et al. 2004) , electrophysiology (Sun et al. 2002) , and apoptosis (Ong et al. 2003; Seigel et al. 2000; Ragaiey et al. 1997) . Their heterogenous nature and expression of markers for retinal ganglion cells, horizontal cells, amacrine cells, glial cells, photoreceptors, and bipolar cells make them a relevant model system replicating the in vivo milieu.
Our findings indicated that the exposure of retinal neurosensory cells to HIV Tat results in increased activation and release of pro-inflammatory mediators, predominantly the chemokine and neurotoxic factor CXCL10, which in turn, leads to increased monocyte migration. Intriguingly, retinas from HIV-1 Tat-transgenic mice with constitutive Tat expression in multiple tissues, (Kim et al. 2003; Prakash et al. 1997 ) also demonstrated increased loss of neurons as evidenced by a lack of microtubule-associated protein 2 (MAP2) staining in the outer photoreceptor segments with a concomitant increase in activation of glial cells shown by enhanced GFAP staining.
These findings provide evidence that the retina is similar to other parts of the CNS where CXCL10 is a major player in HIV-1 associated pathology and could be a potential target for therapeutic interventions.
Methods and materials
Cell culture and treatments Immortalized R28 retinal precursor cells derived from postnatal day 6 Sprague-Dawley rats were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (Invitrogen, Gaithersburg, MD), ×1 minimal essential medium (MEM) nonessential amino acids (Invitrogen), ×1 MEM vitamins (Invitrogen), 0.37% sodium bicarbonate, 0.058% L-glutamine and 100 μg/ml penicillin-streptomycin (Invitrogen). Cells were maintained in tissue culture flasks in DMEM (containing 4,500 mg/L glucose). Cells were not grown on subtrates except when seeding on glass coverslips. Poly-D-lysine (50 μg/ml, Invitrogen) was used as a substrate on coverslips. When confluent, the cells were washed once with phosphatebuffered saline (PBS), detached from the flask by treatment with trypsin (Invitrogen), washed with complete cell culture medium and split 1:5 into fresh flasks.
The cells (triplicate or quadruplicate wells) were treated for 0-48 h with Tat (50, 100, 200 ng/ml). Control treatments included incubation with heat-inactivated Tat at aforementioned concentrations. Tat was inactivated by denaturing in boiling water for 15 min.
R28 cells were cultured in 24-well plates (2 ml per well), grown in 2% serum overnight, and then treated with Tat (200 ng/ml) for 24 h prior to supernatant collection for chemotactic assay. Concentrations of Tat and incubation periods were based on previous publications (Dhillon et al. 2007; Hegg et al. 2000) . All disposable plasticware were from Fisher Scientific (Fisher Scientific, Pittsburgh, PA).
Cytotoxicity indices
Cell proliferation/viability in cell lines was determined by 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide (MTT; Sigma, St. Louis, MO) conversion as described previously (Ding and Keller 2001a, b) . Briefly, after treatment in vitro, cells were exposed to 0.5 mg/ml MTT in serum-free and phenol red-free medium for 1-4 h at 37°C.
Following exposure, medium was aspirated and formazan precipitates were extracted by addition of 200 μl dimethylsulfoxide (DMSO; Sigma, St. Louis, MO). The amount of formazan formation was analyzed within an hour by determination of optical density at 570 nm with reference wavelength of 630 nm on a spectrophotometric UV/VIS plate reader (SynergyMx, Biotek) . At least five cultures were utilized for each data point.
R28 cells were assayed for cell death using the wellestablished protocol of propidium iodide (Sigma) staining for dead cells (Steinkamp et al. 1999) . Propidium iodide emission was at 617 nm, excitation at 490 nm. Fluorescence is only from the highly disordered membranes of necrotic, apoptotic, and dead cells. Briefly, cells were resuspended at least 0.5×10 6 cells in 12×75 mm tubes at a concentration of 10 6 cells/ml. Propidium iodide was added to a final concentration of 1 μg/ml. Cells were then incubated on ice for 5 min. Analysis was performed by a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ) at the emission wavelength 617 nm.
Cytokine mRNA analysis RNA was extracted from tissue samples using Trizol reagent (Life Technologies, Grand Island, NY). Quantitative analysis of mRNA of pro-inflammatory mediators from cells treated with 200 ng/ml Tat was performed by real-time reverse transcription polymerase chain reaction (RT-PCR) using the SYBR Green (ABI, Foster City, CA) detection method. RT-PCR primer pair sets were obtained from SABiosciences (Frederick, MD) and amplification of CXCL10 from first-strand cDNA was performed using an ABI Prism 7,700 sequence detector (ABI, Foster City, CA). Data were normalized using Ct values for the housekeeping gene Glyceraldehyde phosphate dehydrogenase (GAPDH) in each sample.
In order to calculate relative amounts of CXCL10, TNF-α and GFAP, the average Ct value of the GAPDH was subtracted from that of each target gene to provide changes in Ct (ΔCt) value. The fold-change in gene expression (differences in ΔCt, or ΔΔCt) was subsequently determined as log 2 relative units.
Chemotactic assay
Migration assays were performed in a disposable ChemoTX microplate (NeuroProbe, Cabin John, MD) with a pore size of 8 μm. Supernatants from R28 cell cultures treated with either Tat or IFN-γ were collected after 24 h of incubation in a serum-free medium. These supernatants were then added in each lower compartment of the microplate and 2×10 4 human monocytes resuspended in 30-μl volume of DMEM, were added to the top chamber. The microplate was then incubated at 37°C with 5% CO 2 for 4 h. Afterwards the cells in the upper chamber were removed by washing with PBS. Cells that had migrated to the lower chamber were counted using the Cell Titer 96 Aqueous One Solution Assay (Promega, Madison, WI). The positive control chemoattractant was 200 ng/ml IFN-γ and the negative control chemoattractant was base medium alone. Two percent fetal bovine serum in medium was also included as a negative control. AMG487 was kindly provided by Amgen (San Francisco, CA). The in vitro formulation of AMG487 was prepared as a 10 mM stock with DMSO. Monocytes in suspension were washed and fresh growth medium containing 200 nM AMG487, 1 μM AMG487, or DMSO vehicle was added for 2 h of incubation at 37°C. The monocytes were washed and resuspended in serum-free medium before proceeding according to manufacturer's instructions (Neuroprobe). All assays were performed in triplicate. Migration index was calculated as the number of cells migrating towards the treated supernatants divided by the number of cells migrating toward the medium only.
Immunohistochemical studies
Immunohistochemical analyses were carried out on paraffin-fixed tissue sections from 6 weeks old transgenic mouse eyeballs. The eyeballs were obtained from HIV-1 Tat-transgenic mice. These mice were derived from two transgene constructs (Prakash et al. 1997) . Tat-transgenic mice showed expression of Tat mRNA in most tissues and the Tat protein was also found to be biologically active (Prakash et al. 1997) . Eyeballs from six animals (three males, three females) were harvested. Sections of eyeballs from HIV Tat-transgenic animals and control animals were stained for MAP2 (for neurons), GFAP (for astrocytes or activated Mueller glia), Iba1 (for microglia), or vimentin (for Mueller glia). Sections were also stained with hemotoxylin-eosin for ascertaining gross structural changes.
Briefly, sections were deparaffinized in xylene, rehydrated in alcohol, and then rinsed in 0.1 M PBS. Afterwards, the slides were placed into 10 mM citrate buffer (pH 6) retrieval solution and boiled for 20 min followed by blockage by appropriate serum for 2 h. The primary antibodies were applied overnight, followed by treatment with repeated washes and application of the appropriate secondary antibody conjugated to chromophores for another 2 h (Molecular Probes). Images were recorded with a Zeiss 510 Meta Confocal Laser Scanning Microscope equipped with four lasers: a Blue Diode 405 nm; an Argon Laser 458/477/ 488 514 nm; a DPSS 561 nm and a HeNe 633 nm. Images were captured at ×40 and ×63 magnifications. All processing of images was performed on the Axiovision software (Version 4.6).
Statistical analysis
All statistical analyses were performed by using a two-tail, independent, t test. Results were judged as statistically significant at p values ≤0.05.
Results

HIV-1 Tat increases release of pro-inflammatory mediators
in retinal precursor cell line R28. Before embarking on the effect of HIV Tat on the expression of pro-inflammatory mediators, it was critical to determine whether Tat exerted any toxicity in these cells. We therefore exposed the R28 retinal cell line to varying concentrations of HIV-1 Tat (50, 100, and 200 ng/ml) for 24 and 48 h. As shown in Fig 1, in the R28 cell line, exposure to HIV-1 Tat had no toxic effect on these cells when assessed by both propidium iodide live/ dead (Fig 1a) and MTT (Fig 1b) assays. Since the cells showed no adverse effects on exposure to Tat, all further experiments were performed with 200 ng/ml.
Since HIV-1 infection/proteins (Poluektova et al. 2001; Wetzel et al. 2002) are known to induce the expression of pro-inflammatory mediators such as MCP-1, CXCL10 and TNF-α in glial cells and it is known that both CXCL10 and TNF-α are up-regulated in CMV retinitis and IRU (Momma et al. 2003; Rios et al. 2005) , we sought to examine the effect of HIV Tat on the expression of these mediators in the retinal cell line. R28 cells were treated for a period of up to 48 h with 200 ng/ml Tat and monitored for the expression of these mediators by quantitative Real-time PCR. Cells cultured in the presence of HIV-1 Tat were harvested at varying times (0, 3, 6, 24 , and 48 h) followed by RNA extraction. As shown in Fig. 2 , there was increased expression of both CXCL10 and TNF-α that peaked 6 h following Tat exposure. Intriguingly, CXCL10 levels increased more than 300-fold in Tat-treated cells compared with untreated cells. Levels of TNF-α increased to almost 150-fold at 6-h post-treatment in Tat-exposed cultures. Cells exposed to heat inactivated Tat failed to demonstrate the induction of these proinflamamtory mediators as expected.
In addition to pro-inflammatory mediators, it was also of interest to examine the expression of GFAP , which is a known marker for activation of the R28 cells. In the retina, GFAPpositive astrocytes make up a small percentage of all glial cells; the predominant cell type being Mueller glia. However, damage and degeneration of the retina has been shown to be coupled with severe astrogliosis in the optic nerve and activation of Mueller glia (Madigan et al. 1996) leading to increased levels of GFAP. Similar to several pro-inflammatory mediators, GFAP levels also increased following Tat treatment (more than 20-fold after 6 h of Tat exposure). Another inflammatory mediator implicated in HIV-1 related pathology, MCP-1, however, showed no change in level after cells were exposed to Tat protein (data not shown). Fig. 1 Effect of Tat on R28 cell survival and proliferation. a R28 cells were exposed to increasing doses of Tat for 24 and 48 h; 3% H 2 O 2 was used as a positive control. Cells were exposed to three concentrations of Tat; 50, 100, 200 ng/ml. Cells were then harvested and analyzed for cell death using flow cytometry. Cell death was not significantly higher on treatment with Tat. Increasing concentrations up to 200 ng/ml did not show significant variation. b R28 cells were treated with increasing doses of Tat for 24 h and 48 h. Cells were then treated with 0.5 mg/ml MTT for 4 h, after which the medium was aspirated, the formazan precipitates dissolved in DMSO, and the amount of formazan conversion analyzed at 570 nm for proliferation/ viability. Cell proliferation was not significantly higher on treatment with Tat. Increasing concentrations up to 200 ng/ml did not show variation in results
The dramatic rise in pro-inflammatory cytokines correlates well with the protective role these cytokines serve during the early stages of infection. In addition, increased levels of these cytokines also allow them to function as chemoattractant molecules which can attract HIV-1-infected and/or immune competent mononuclear phagocytes and microglia which could lead to further neuronal dysfunction.
Function of Tat-mediated induction of CXCL10:
increased monocyte migration Increased CXCL10 levels are known to be critical for the increased migration of inflammatory cells into the CNS, a hallmark feature of HIV induced neurodegeneration (Nath 1999; Navia et al. 1986) . The mechanism by which HIV enters the CNS has been assumed to be infection of macrophages or lymphocytes which cross the blood-brain barrier and further infect microglia and perivascular macrophages in the CNS. Alternatively, it has been suggested that CNS infiltration is through the choroid plexus with subsequent seeding of the brain by infected macrophages or CD4 lymphocytes harboring CCR5-using viral strains (Power et al. 2002) . Macrophage infiltration and activation is frequently observed with detection of viral protein or nucleic acid in macrophages of 30-50% of biopsies in HIV patients with ocular manifestations (Holland 2008) .
To test the functionality of CXCL10 released by R28 cells following exposure to Tat, we analyzed the migration of activated peripheral blood mononuclear monocytes (PBMCs) towards the gradient of CXCL10 released in the supernatant fluids of Tat-stimulated R28 cells. Chemotactic assays demonstrated that culture fluids from Tat-treated R28 demonstrated a higher chemotactic activity for monocytes compared with the media from the untreated cells (Fig. 3) . Specificity of this response was confirmed by treating the culture fluids with a small molecule antagonist of the CXCR3, the receptor to which CXCL10 binds. CXCR3 belongs to the superfamily of the G-protein-coupled receptors (Proudfoot 2002) 
is a potent and selective orally bio-available chemokine (C-X-C motif) known to block receptor 3 (CXCR3). It is known to function as an antagonist to lymphocyte migration mediated by CXCL9, CXCL10, or CXCL11 (Kryczek et al. 2005 ) at nanomolar ranges (IC 50 8 nM for CXL10). As shown in Fig. 3 , CXCL10 released from activated R28 cells had a substantial contribution Fig. 2 Exposure to Tat induces pro-inflammatory factors CXCL10, TNF-α, and GFAP in retinal R28 cells. a CXCL10 and TNF-α showed dramatic rise in R28 cells when incubated with Tat. Expression of these two inflammatory mediators peaked after 6 h of incubation. GFAP expression was also highest after 6 h of incubation. The mRNA expression levels subsequently decreased over the next 48 h. R28 retinal cells were incubated with 200 ng/ml Tat, for up to 48 h, after which the cells were harvested and analyzed for mRNA levels of CXCL10, TNF-α, and GFAP. Data were obtained from four separate experiments, and were analyzed by Students t test. Asterisk indicates statistically significant increases (p < 0.05) in factors expressed in cells treated with Tat as compared with vehicle-treated (control) cells. Exposure to inactivated Tat did not induce production of these cytokines or GFAP. Tat was inactivated by boiling for 15 min Fig. 3 Tat induced increase in CXCL10 from R28 cells lead to increased migration of monocytes. Analysis of chemotactic activity of CXCL10 in supernatants collected from R28 cells treated with Tat, in absence and presence of AMG487, blocker of CXCL-10 receptor on monocytes, showed pronounced contribution of CXCL10. IFN-γ was used as positive control. Supernatant from unstimulated control cells and from IFN-γ and Tat-treated R28 cells were added to the lower chamber of ChemoTX microplate. 2×10 6 PBMCs were placed on the top of the membrane. In indicated wells, PBMCs were treated with two different concentrations of CXCR3 blocker, AMG487 for 2 h before loading in the top chamber of the ChemoTX microplate. After 4 h, PBMCs migrating towards supernatant collected from different treatments in lower chamber were counted by using Cell Titer 96 Aqueous One Solution Assay. Migratory response of PBMCs to supernatant fluids are shown as migration index, calculated as the number of cells migrating towards the treated supernatants divided by the number of cells migrating toward the medium only in attracting monocytes. This effect on the monocytes was abrogated in the presence of CXCR3 antagonist, AMG487 (Fig. 3) . 3. Histopathological features of the retina in HIV-1 Tattransgenic mice Tat expression in the CNS of mice is known to cause a hunched posture, tremors, ataxia, slow cognitive and motor movements, seizures, and premature death (Kim et al. 2003; Prakash et al. 1997 ). An underlying neurodegeneration has been shown to be a cause for these symptoms (Prakash et al. 1997 ). Neurodegeneration at the posterior segments of the eye is generally observed during the late stages of HIV infection in humans. In order to investigate the effects of constitutive expression of Tat in the retina, eyeballs harvested from HIV-1 Tat-transgenic mice and wild type control (C57BL/6 N; n=6) animals were sectioned and stained with hemotoxylin-eosin for gross pathology. As shown in Fig. 4 , Tat-transgenic (Fig. 4b ) Fig. 4 HIV-1 Tat-transgenic animals show large scale organizational changes in the retina. Immunocytochemical changes are observed in the retina of HIV-1 Tat-transgenic mice. Representative staining of paraffin-embedded retina sections. Analyses of sections from HIV-1 Tat-transgenic animals show pronounced changes in MAP2 b and GFAP c staining patterns. MAP2 staining is conspicuously missing from the outer plexiform layer and outer photoreceptor segments (arrowhead), of HIV-1 Tat-transgenic animals. GFAP which functions as an activation marker in the retina, showed increased expression with many more processes visible (arrowhead), compared with control animals. Hemotoxylin-eosin staining demonstrated the absence of an entire nuclear layer (arrowhead), absence of the outer photoreceptor segments and thinner retina (a). Scale bar 10 μm. Layers in control animals are marked by asterisks. Eyeballs were harvested from both control animals (n=6) and HIV-1 Tat-transgenic mice. Images shown were captured at ×40 magnification animals exhibited a striking absence of the nuclear layers compared with the wild type controls (Fig. 4a ) that demonstrated three distinct nuclear layers. Furthermore, the retinal thickness consequently in most parts was thinner in transgenic versus the control animals.
We next stained the retinal sections with cell marker specific antibodies; MAP2 (neurons), GFAP (astrocytes or activated Mueller glial cells), Iba-1 (microglia), and vimentin (Mueller glia) were used to identify the cell type changes within the retina in Tat-transgenic versus control animals. MAP2, which identifies stable cytoskeletal structures, clearly stained processes of all the retinal neurons in sections from control animals. MAP2 stained neuronal processes in the ganglion cell layers and the inner and outer plexiform layers as well as the outer segments of the photoreceptors (Fig. 4c) . Interestingly, this pattern of staining was notably absent in the retina from HIV-1 Tat-transgenic animals (Fig. 4d) .
We next examined the pattern of GFAP staining in the retina of both HIV-1 Tat-transgenic and control animals. Compared with the control animals ( Fig. 4e) , considerably more processes were positively stained for GFAP in the HIV-1 Tat-transgenic mice (Fig. 4f) . GFAP staining in control animals was limited to the cell bodies of GFAP-positive cells in the ganglion cell layer. However, in HIV-1 Tat-transgenic mice, the processes showed pronounced staining.
Tissues stained for Iba-1 and vimentin showed less salient differences. There were no significant changes noted between the two groups of animals (data not shown).
Discussion
The advent of HAART has improved outcomes in patients with CMV retinitis and other AIDS related opportunistic infections. However, the very recovery of the immune system in the initial stages of therapy can endanger immune privileged sites like the retina and initiate a chain of events which could eliminate susceptible cells such as retinal neurons. Despite the overwhelming success of HAART in dampening virus load in the systemic compartment, the prevalence of ophthalmic manifestations of HIV infection especially those of the posterior segment such as IRU, are actually on the rise. Increased cases of IRU in patients on HAART have been consistently observed (Venkatesh et al. 2008) .
Chemokines in the brain have been recognized as essential mediators of neurodegenerative diseases and related neuroinflammation through their regulation of inflammatory responses (Conant et al. 1998; Kelder et al. 1998; Luster et al. 1987 ) thereby contributing to injury and eventual loss of neurons (Asensio and Campbell 1999; Miller and Meucci 1999) . Specifically, increased levels of CXCL10 have been detected in the CSF and plasma of individuals with HIV-1 infection (Kolb et al. 1999) and in the brains of individuals with HAD and shown to be a chemoattractant (Kolson and Pomerantz 1996; McArthur et al. 1993; Sanders et al. 1998) . Based on the chemotactic and neurotoxic potential of CXCL10 and the toxic effects of TNF-α and the induction of these mediators by viral proteins, we hypothesized that it was likely that the exposure of retinal glial cells to HIV Tat could lead to the release of these toxic mediators resulting in retinal pathology, exemplified by increased astrocytosis and/or neuronal degeneration.
Using the retinal R28 cell line that expresses both neuronal ) and glial markers Seigel 1996; Seigel and Liu 1997; Seigel et al. 1996) as our model system, we examined the release of pro-inflammatory mediators by these cells in response to HIV Tat. The precursor nature of R28 may make it more robust than neurons, a possible reason why Tat toxicity did not get reflected as cell death in R28 cells.
Similar to that reported by others (Sui et al. 2006; van Marle et al. 2004 ) in various cell types, our findings indicated that the exposure of retinal neurosensory and glial cells to HIV Tat resulted in increased activation and release of pro-inflammatory mediators, predominantly the chemokine and neurotoxic factor CXCL10 and the cytokine TNF-α. These findings provide evidence that the retina is similar to other parts of the CNS where CXCL10 is a major player in HIV-1 associated pathology. The chemotactic role of CXCL10 was also confirmed in the in vitro chemotactic assays wherein conditioned media from Tat-treated R28 cells was able to induce increased monocyte chemotaxis. This effect was specific for CXCL10 as monocytes treated with the CXCR3 antagonist failed to demonstrate significant migration in response to the conditioned media from Tat-exposed cells. This characteristic of CXCL10 is in agreement with previously published reports demonstrating the chemotactic properties of CXCL10 where migration of activated PBMCs was enhanced towards CXCL10 released in cell supernatants (Dhillon et al. 2008a) .
The fact that inflammatory and activation responses are induced in retinal progenitor neurosensory cells such as R28 as well as in Tat-transgenic mice, indicates that similar to the rest of the CNS, many, if not all of the cells in the retina maintain the intrinsic property of expressing proinflammatory mediators and activation markers. It is likely that similar to the brain, irrespective of the virus replication process, the presence of viral proteins such as HIV-1 Tat can exacerbate and amplify the injury by initiating a cascade of pro-inflammatory mediators, which in turn, can have toxic consequences for the tissue. The presence in the retina of a chemokine ligand-receptor network could therefore, extend well beyond the regulation of leukocyte trafficking in immuno-inflammatory diseases like IRU. It is particularly interesting that microglia, the immune system cell counterpart in the CNS does not show significant changes in the retina of HIV-1 Tat-transgenic mice. It may indicate that activation of other glial cell types contribute to a pro-inflammatory milieu and subsequent neuronal death. The ability of CXCL10, a pro-inflammatory cytokine to act as a neurotoxin is also borne out by similar effects seen with TNF-α. In TNF-α-induced optic neuropathy (Madigan et al. 1996) it was shown that TNF-α can cause neuronal and axonal damage in the optic nerve without greatly affecting astrocytes, microglia and oligodendrocytes.
It could thus be extrapolated that Tat-mediated induction of chemokines could in turn attract more monocytes which are well-known potential reservoirs of infection. Transmigration across the endothelial layer is a routine event, the final step of which is diapedesis between the tightly apposing endothelial cells (Nottet 1999) . Monocyte trafficking is therefore of considerable interest. Our observations show that increased levels of CXCL10 alone are sufficient to function as a chemoattractant for the monocytes. However, it should be noted that constitutive expression of Tat, itself can largely contribute towards neuronal damage since we did not see enhanced presence of microglia and macrophage-like cells (data not shown).
In addition to pro-inflamamtory mediators, retinal cells also demonstrated increased cell activation as evidenced by augmented expression of GFAP. Increased GFAP expression is a correlate of increased astrocytosis, a hallmark feature of HIV-1 associated CNS pathology. Furthermore, these cell culture findings were also corroborated in the Tattransgenic mice that demonstrated an increase in GFAP staining in the retina compared with the wild-type controls. Increased GFAP staining could suggest either increased astrocyte entry or greater activation of Mueller glia. Clinical manifestation of astrogliosis is known to be an important component of ocular disorders resulting from HIV infection (Holland 2008) . Interestingly, immunostaining for the Mueller glial cell marker, vimentin, did not show significant differences between control and HIV-1 Tat-transgenic mice (data not shown). This could indicate that the increased GFAP is due to activation of Mueller glial cells rather than the proliferation of astrocytes.
Furthermore, increased GFAP staining correlated with a decreased expression of the neuronal cytoskeletal marker, MAP2, in the processes of retinal neurons leading to the speculation that HIV-1 Tat-mediated activation of the glia resulted in release of neurotoxic and inflammatory mediators that could subsequently lead to the damage of the inner plexiform neuronal layer. What was striking in the Tattransgenic mice was the cellular composition and orderly structure of the retina had been dramatically obliterated compared with the retinas of the wild type animals. It is interesting to speculate how exposure to a single soluble HIV protein can regulate a complex cytokine network, which in turn can affect functional properties of both infected monocytes and their noninfected tissue-specific targets. In summary, these findings for the first time explore the role of HIV Tat in retinal neuro-glial interaction with the specific roles of CXCL10 and GFAP as mediators of neuroinflammation and neurotoxicity.
